Neurogenesis occurs in the subventricular zone and the sub-granular layer of the hippocampus and is thought to take place in 5 stages, including proliferation, differentiation, migration, targeting, and integration phases, respectively. In Alzheimer's disease (AD) both increased and decreased neurogenesis has been reported and cholinergic activity is assumed to be involved in neurogenesis. The aim of this study was to systematically assess different phases of neurogenesis and their relation to AD and cholinergic pathology. We investigated post-mortem brain tissue from 20 AD patients and 21 non-demented controls that was neuropathologically characterized according to standardized criteria. Hippocampal sections were stained with antibodies against neurogenic markers Musashi-1, nestin, PSA-NCAM, doublecortin, and β-III-tubulin as well as ChAT (choline-acetyltransferase). Using image analysis immunoreactivity was assessed in the subventricular zone, the sub-granular layer, and the granule cell layer by determining the integrated optical density. In the sub-granular layer and the granule cell layer Musashi-1 and ChAT immunoreactivities were significantly lower in AD and decreased with increasing Braak stages. Conversely, immunorreactivities of both nestin and PSA-NCAM were significantly higher in AD and increased with increasing Braak stages while no changes were seen for doublecortin and β-III-tubulin, except for significantly higher doublecortin levels in the granule cell layer of AD cases. Of note, Musashi-1 immunoreactivity significantly correlated with ChAT immuonoreactivity across different Braak stages. In the subventricular zone only nestin immunoreactivity was significantly higher in AD and significantly increased with increasing Braak stages, while no significant differences were seen for all other markers. Our finding of a reduction of ChAT and Musashi-1 levels in AD is compatible with the assumption that cholinergic pathology per se has a detrimental influence on neurogenesis. We conclude that neurogenic abnormalities in AD differ between phases and areas of neurogenesis and stages of AD; while hippocampal stem cells (Musashi-1) decrease, proliferation (nestin) increases and differentiation/migration phase as well as axonal/dendritic targeting (doublecortin and β-III-tubulin) remains virtually unchanged. This suggests an attenuation of stem cells together with compensatory increased proliferation that, however, does not result in an increased number of migratory neuroblasts and differentiated neurons in AD.
Introduction
Neurogenesis (NG) occurs throughout life in the brain of adult mammals in the subventricular zone (SVZ) of the lateral ventricles including a layer in the ventral temporal horn overlying the hippocampus (Bird et al., 1983; Curtis et al., 2007; Drapeau et al., 2003) and in the sub-granular layer (SGL) of the dentate gyrus (Eriksson et al., 1998) . Neuroblasts from the SVZ constitute the rostral migratory stream (RMS) which terminates in the olfactory bulb where those neuroblasts mature into GABA-ergic interneurons (Bedard and Parent, 2004; Birks et al., 2009 ) while neurons born in the adult SGL migrate into the granule cell layer (GL) of the dentate gyrus and mature into dentate granule cells (Crespel et al., 2005) .
The process of NG is thought to take place in 5 stages (von Bohlen Und Halbach, 2007) and in hippocampal NG proliferative precursor cell stages, characterized by the presence of type-1, type-2, and type-3 cells, as well as postmitotic stages can be distinguished (Kempermann et al., 2004; Kempermann, 2011) . Briefly, stage 1 (proliferation phase) is characterized by stem cells or progenitor cells that are positive for glial fibrillary acidic protein (GFAP) and nestin (Fukuda et al., 2003) , the latter being a key marker of undifferentiated neuronal progenitor cells (Bernier et al., 2000) . In addition Musashi-1 (Msi-1), an RNA binding protein involved in the Notch pathway via repression of Notch inhibiting m-Numb (Imai et al., 2001; Sakakibara et al., 1996) , is Neurobiology of Disease 47 (2012) 155-162 
